A study of the transfer of heat between the walls of vacuum vessels is made. I t is shown th a t the heat transferred from the outer wall a t ordinary tem perature to the inner vessel a t 90° K is greater th an would be expected from the reflectivity of the inner wall, as estim ated from its electrical conductivity. The apparent emissivities a t 90° K of copper, silver, gold, tin, brass, aluminium, steel and graphite were determined. I t was found th a t a freshly reduced smooth surface of copper was more efficient in diminishing the heat transfer th an a highly polished surface.
The object of the work here described was to provide information for the design of large vacuum-jacketed vessels for the conveyance of liquefied gases. Precise in formation was needed about the transfer of heat as it depends on the metal used for the construction of the vessel and on the condition of the surfaces.
Although there have been a considerable number of researches on vacuumjacketed vessels since the classical work of Dewar, the subject does not seem to have been studied so completely as its practical importance and theoretical interest would seem to justify. Indeed, the conclusions reached as a result of the work here described lead to further experimental work being desirable, for there is still a discrepancy between the theoretical and experimental results.
A brief review will suffice to indicate what had been published on the subject. Although Dewar used a vacuum-jacketed calorimeter in 1873, no account of his researches on vacuum vessels was published until 1893. Dewar (1894) stated that a 30-fold improvement was obtained by evacuating the air from within the jacket and silvering the walls. In 1898 he published a study of the efficiencies of glass vacuum flasks with various coatings on the surfaces and with various substances in the vacuum space. The results obtained were only approximate. Although Dewar & Tait had used charcoal to produce a vacuum in 1874, it was not until 1904 that Dewar drew attention to the use of charcoal cooled in liquid air to give high vacua. This enabled him to develop the metal 'vacuum vessel', but again it was not for many years that he published an account (1919) of his experience in the construction of such vessels.
Banneitz, Rhein & Kurze (1920) studied vessels constructed of glass, plastics and metal; they devised a method of measuring approximately the gain of heat via the neck independently of the other gains, and by using very high vacua, having eliminated conduction through the gas space, they could determine the transfer of heat by radiation across the jacket.
Briggs (1920-1) confirmed that the neck was not responsible for much of the heat reaching the interior of the vessel, because a large part of the heat conducted down the neck is used in warming the cold gas rather than in evaporating the liquid.
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The state of knowledge of the whole subject up to 1923 was summarized in the report of The Oxygen Research Committee of the Department of Scientific am Industrial Research (London), in which the values then accepted for the emissivities of various metals which might be employed in the construction of vessels were included.
Lambert & Hartley (1926) noticed that two similar vessels, one coated with copper and the other with silver, were not equally efficient when used for storing liquid air, although they had been so when storing hot water, and they endeavoured to find the cause of this discrepancy. Four glass vessels were attached to the same pumping line, metallic films having been deposited on to the glass by chemical and electrolytic means. Good agreement was not obtained between the various series of experi ments and no explanation of this was given. It was suggested that the emissivity of copper was normal at 373° K, but abnormally high at 90° K.
Meissner & Voigt (1930) examined the efficiencies of vacuum-jacketed vessels made of german silver for the storage of liquid air and liquid hydrogen. These authors made the most complete attempt to deal with the theory of the vacuum vessel. Roebuck (1943) described the construction of a triple-walled vessel and stated that the evaporation loss was in accordance with theory.
There has been little attempt to study the effect of change in the nature of the metallic surfaces on the radiant heat transfer, and the present work was undertaken to determine emissivities under conditions such as exist in vacuum vessels. It has usually been taken for granted, following Dewar, that the vacuum adjacent surfaces in metal vessels should be as highly polished as possible, but this is not necessarily so, because a highly polished surface is generally covered with a thin oxide film and also retains some of the polishing material. 2 M. Blackman, Sir Alfred Egerton and E. V. Truter
E x p e r i m e n t a l m e t h o d
In order to compare the emissivities of various surfaces at low' temperatures under conditions similar to those existing in vacuum vessels, it was necessary to devise a simple apparatus in which substitution of the various surfaces could be easily achieved, yet providing as closely comparable results as possible. Figure 1 indicates the type and dimensions of the apparatus which was used.
Two identical cylindrical vessels, constructed of pyrex glass, fitted with large external ground joints, are connected to the same vacuum system. The caps of the joints carry the inner cylindrical vessels. The long narrow neck of the inner vessel is surrounded by a concentric jacket of the same diameter as the inner vessel. Both the inner vessel and its neck jacket can be filled separately with liquid oxygen. The rate at which heat is received by the inner vessel can be measured by the rate of evaporation of the liquid oxygen within it. The liquid oxygen in the neck jackets absorbs any heat which would otherwise enter by the neck. The area receiving the radiant heat conveyed to the inner vessel is also rendered constant by the existence of the neck jacket. The surfaces of the inner or outer vessels can be chemically coated with metals, or metal foils can be placed around the inner vessel. The pressure of residual gas in the vacuum space is the same for both vessels: a McLeod and a Phillip's gauge were included in the vacuum system. The vessels were immersed in a large thermostat of water maintained at 2 0 ± 0 -l°C . Two pairs of such vessels were often in use at the same time. The rate of evaporation of the liquid oxygen in the inner vessel was determined by a capillary flowmeter. Flow was made even by including between the vessels and the flowmeter a 101. vessel containing a little water, which served to saturate the oxygen. flowmeter to pump gauge and charcoal tubes F igure 1. Vacuum vessels.
Having described the main features of the apparatus, some of the experimental details are now given under the headings to which they refer; discussion of the experimental errors will be found after the theoretical section ( § 4). Many preliminary experiments were needed to establish a satisfactory procedure.
(a) The metallic surfaces
Silver was deposited by chemical reduction on either the inner surface of the outer vessel, or the outer surface of the inner vessel, or both. Brashear's silvering process was used; a uniform deposit tenacious enough to polish and free from pinholes was obtained. For other metals, and for silver too, foil usually well polished was wrapped round the outer surface of the inner vessel and held in position by binding with fine copper wire. The foils were cut to be the same area (135*5 cm.2) and placed in similar positions on the inner vessel. Silver was chemically deposited on the surface of the inner vessel before affixing the foil. The hemispherical end of the inner vessel was thus left silvered; the heat absorbed by the silver end was allowed for when esti mating the heat transfer through the foil. Since no appreciable difference was found between the results with polished and unpolished chemically deposited silver, this underlying deposit was not polished, for fear of any damage to the film* if any small area of the hemispherical end is unsilvered, large errors are caused.
Experiments showed that even without the silvering, the contact of the foils with the outer surface of the inner vessel was sufficiently good to give results equi valent to those which would have been obtained if the metal had been in perfect contact with the glass: whether four or eight bindings were used, the result was the same. Assuming the area of contact is only equivalent to strips round the inner vessel of width equal to the diameter of the binding wire, it can be shown that the conductivity of the metal (steel for instance) and of the glass is sufficient to prevent a temperature difference between the two faces of the glass wall of the inner vessel greater than 3-5° C; this temperature difference would only lead to a difference of 0-4 % in the heat transferred. The following foils were used: The silver, copper and brass foils were polished using rouge. The finish was a fine, almost optical, polish with a few fine scratches. Cadmium, aluminium, chromium and F.S.L. steel were polished on the buffing wheel without the use of any polishing agents. The finish of the gold and tin foils, as obtained from Messrs Johnson, Matthey, was about equal to that of the buffed surfaces. After polishing or buffing, the surfaces were washed several times with distilled ether, free from any grease.
Certain of the foils referred to in § 3 received special treatment. The ' matt reduced copper ' surfaces were prepared by heating the foil in air until it had oxidized and then plunging it into methyl alcohol while still hot. The foil was then transferred to the test vessel as rapidly as possible. The 'polished reduced copper surfaces' were prepared by reducing the surface with hydrogen. After the surface had been polished and degreased, it was placed in an electrically heated evacuated tube. Hydrogen was then admitted into the tube up to slightly less than atmospheric pressure, and the temperature was controlled at 330° C. After 5 min. the contents of the tube were allowed to cool to room temperature in an atmosphere of hydrogen. In the later experiments, reduction was carried out in situ at in the inner vessel by means of an immersion heater, and admitting hydrogen to 500 mm. pressure into the vacuum jacket. After a reduction of about 5 min. at 305° C, evacuation was started and the vessel was baked out at this temperature for some 5 or 6 hr. This procedure ensured that the metal surface was free from grease except in so far as such contamination may have occurred during the determination of the evaporation rate by vapours distilled on to the cold surface, for which there is no evidence.
The graphite was painted on from a water suspension and polished when dry.
(6) The vacuum Two pairs of vessels (see figure 2) were connected to the same vacuum line. One of the vessels was kept unchanged during a series of experiments and the results obtained served as a check on the other measurements. Apeizon 'L ' grease was used on all ground joints and all the large vacuum stopcocks. A mercury two-stage diffusion pump with liquid air trap backed by a rotary oil pump was used for the preliminary evacuation. One of the larger pyrex tubes containing charcoal was employed as a 'getter' for maintaining a high vacuum. The preliminary evacuation was continued while the inner vessel and charcoal tubes were heated by steam until the vacuum was less than 10_5mm. on the Phillip's gauge. This usually took 48 hr. The pump was then shut off and the charcoal tube cooled in liquid air. There was then, of course, no reading on the gauge and the vacuum was probably of the order of 10~6mm. In the final experiments On copper surfaces, the inner vessel was heated to 305° C, hydrogen being introduced to reduce the copper. The subsequent evacua tion was necessarily still more thorough. The conduction of heat through the residual gas in the vacuum space was the same for all readings in each set of experiments, but the pressure of the gas, though not higher than 10_5mm. was not infinitely low, and therefore experiments were carried out to test the error introduced by conduction through the residual gas. The evaporation rates for various pressures, as measured by a McLeod gauge, are shown in table 1.
A comparison of the evaporation rates at 10~5mm. and zero pressure gave a measure of the heat transferred by the residual gas: the"difference was 0'5ml./min., The flowmeter had a range 0 to 120ml./min.: the calibration was made with oxygen at eleven different flow rates, the probable error of the curve of best fit was 0-4 ml./min. The size of capillary was chosen so that conditions of streamline flow held throughout.
The possibility of the superheating of the liquid oxygen was tested from time to time, but with a thermocouple sensitive to 0-3° C, no such superheating was ever detected.
Preliminary experiments showed that after filling the vessel a period of at least 2 hr. was necessary before a steady state was completely established.
The method of measuring the evaporation rate was as follows: Fifty consecutive 10 sec. readings of the flowmeter were taken from a fixed mark very low down on the neck of the inner vessel 0-5 cm. above the bottom of the neck jacket: the vessel was then refilled. When the level reached the mark again another fifty readings were taken. The error in metering the gas was taken as the root mean square of the deviations of the readings from the average, viz. about 1*5 %. There was a slight decrease in the evaporation with falling level. The lowest rate of evaporation during an experiment was about 12 ml./min., which corresponds to the transfer of only about 1 cal./min. since the latent heat of vaporization of oxygen is 51*0cal./g., 1 mV (s.T.P.)/min. ~ 8*15 x 10~6cal./cm.2 sec.
E x perim en tal results
The experimental observations are summarized in table 2. Each value in table 2 is the average of at least two determinations in two different vessels. For the combinations of surfaces.shown in table 3 many more values were obtained. The bracketed values were for the same unaltered surface. They provide a guide as to the extent of the error inherent in the technique which is 6 or 7 %.
There were four sets of experiments in which comparison of matt with polished surfaces were made (table 4) .
These metals are arranged in order of increasing grain size of the matt surface. The matt silver and rolled copper surfaces were only slightly more dull than the corresponding polished ones; the 'matt and reduced copper' surface (reduced after oxidation) was very coarse and in places it was possible to cause pieces of metal to flake off; the matt steel had a grain size intermediate between these two extremes.
The general conclusion that can be drawn from these experiments is that for a double-walled metallic vessel (in which visible radiation is completely eliminated) a matt surface is as efficient as a polished one, provided that the grain size of the matt surface is not too large and that the polishing process does not change the properties of the surface. It is noteworthy that the polished copper surface is slightly less efficient than the rolled foil surface which has not been polished.
ansfer by radiation to surfaces at low temperatures 153 The observations show that the surface that absorbs least heat at 90° K is polished copper which is then reduced. The rate of evaporation is nearly one-half that given by a polished copper surface which is not so reduced. This improvement is to be expected from the fact that copper in air is always covered with a layer of cuprous oxide. Preston & Bircumshaw (1935) examined various metallic surfaces by means of electron diffraction and estimated that a freshly reduced copper surface would acquire a layer of cuprous oxide about 250 x 10_8cm. thick in 1 hr. at 27° C and cuprous oxide is known to show strong absorption in the infra-red.
A suitable surface can be obtained by reducing a rolled surface at 300° C taking care to prevent unnecessary oxidation before the reduction is carried out. The vessel has to be made with welded or hard-soldered joints. The baking out at 300° C also ensures a better final vacuum as compared with the general practice of baking out at 100° C.
The chemically deposited silver was about 50 % more efficient as a reflecting surface than was fine silver foil. Careful examination of the silver foil surface revealed * that it had a very faint pink tint as though covered with a very fine layer of rouge dust. This tint could not be removed by vigorous polishing with chamois leather. Silver is known to be covered with a superficial layer of oxide after exposure to air. The chemical silver was deposited by a reducing process when required and should, therefore, have a much thinner layer of oxide on the surface. Moreover, only the foil had been polished with rouge. The polishing process produces an amorphous layer on the foil, whereas the deposition process probably produces a fine crystalline surface. Other experiments have shown that the difference between the value for the foil and for the chemically deposited silver is not due to the difference in contact with the surface of the inner vessel. These results are further discussed in § 6.
T h e o r e t i c a l .
Attempts have been made by several authors to determine the heat flow, by radiation, across the vacuum space of a vacuum vessel from theoretical considera tions. As the theory is presented here on the same lines as advanced by Meissner & Voigt (1930), only the main steps will be given. The difference between Meissner's presentation and this, lies in the methods used to obtain the values of the integrated quantities.
Consider a vacuum to be bounded by two infinitely large parallel plates at dif ferent temperatures. At equilibrium the energy (IT) transferred from the plate at the higher temperature to that at the lower is made up of two parts: ( That emitted by plate 1 and absorbed by plate 2, less ( b) that em plate 1. To render the calculation less laborious, each plate is assumed to emit only monochromatic radiation corresponding to that of maximum intensity calculated from the Planck equation. Then
where 6 is the angle to the normal, A and R are the absorptivity and reflectivity respectively and the subscripts JL and || refer to plane polarized rays perpendicular to or parallel with the plane containing the incident and reflected rays. 
Values of
A x and are calculated for various values of 0 from 0 to \ tt, using th value of r for the incident radiation (viz. 3-32 x 10~14sec.) and of the electrical conductivity k for the material at the temperature of the wall. Substituting these values of A into equation (2), a graph of the function dWjdO is plotted against 6 and the area under the curve measured using an Amsler planimeter.
The absorption and reflexion constants for silica at normal incidence for wave lengths between 5 and 20/4 were used for calculating the reflecting power of the glass surface at various angles. The reflecting power for each angle was then averaged over the Planck function corresponding to the temperature 293° K. Except near glancing incidence, 80° < 6 < 90°, the absorptivity of glass is large compared with that of metals consequently the heat absorbed by the cold surface of a glass-metal pair is almost independent of the actual value of the absorptivities for glass, and so only a small error is introduced by using the known values for silica instead of those for Pyrex, which are similar but have not been accurately determined.
The specific resistance is sensitive to the presence of traces of impurities, and these impurities cause a greater percentage error at 90 than at 293° K. With brass, steel, aluminium and tin, it was possible to measure the resistance of the actual foil used in the heat transfer experiments; for copper and silver it was preferable to measure the specific resistance of a commercial product of the same quality as the foil, rather than to take figures from the literature, which are for pure materials. However, for cadmium, chromium and gold this had to be done.
A precision Callendar & Griffiths bridge was used for the resistance measurements, which were made at 90, 293 and 393° K, and recorded in table 5.
M. Blackman, Sir Alfred Egerton and E. V. Truter Figure 4 illustrates the special case silver/silver where one of the silver surfaces is at 293° K; the effect of angle of incidence is evident.
Next, some of the limitations to the application of the theory will be considered.
Heat transfer by radiation to surfaces at temperatures 157 copper 7 50
Figure 3 The heat transfer by radiation across the jacket of a vacuum vessel cannot be considered precisely as that between two parallel planes at different temperatures: the vessels are of various shapes and sizes.
For concentric spheres the problem is tractable, as the paths of the incident and reflected rays can be determined. In other cases the geometry can become trouble some and the estimation of ' end-effects ' becomes difficult, especially when the inner and outer vessel have appreciably different areas. The following theorem, however, helps to simplify matters; consider two concentric spherical vessels at the same temperature, having a vacuum between them and having different emissivities (which may be a function of the angle of emission), since the temperature of the two vessels remains constant it follows that the heat absorbed by the inner vessel is equal to that emitted by it. Hence calculation of the latter may be used to evaluate the former. Since the only factors involved are the emission as a function of angle and the shapes and relative positions of the vessels, the geometrical part of the calculation will be valid even if the temperatures of the vessels are different. Thus in order to calculate the energy absorbed by the inner vessel, the energy emitted by it can be estimated, inserting for the temperature the value for the outer vessel.
For a cylindrical vessel the fraction of the radiation from the outer wall which does not reach the inner is an important fraction of the total, if the areas of the inner and outer walls are very different. In order to evaluate the heat transfer in the experimental vessels a calculation is first made for concentric infinite cylinders made of silver with radii equal to those of the experimental vessels. The emissivities of the two walls are calculated from their electrical conductivity with respect to the wave length pertaining to the higher temperature (i.e. 9-96/*). The rays emitted from the inner vessel are characterized, as usual, by the angles < f) and ft, (f) being the angle from the normal and x]r the azimuthal angle, the zero of which is parallel to the common axes of the cylinders. For a given value of <j), the angle of incidence on the outer cylinder 6 is calculated for various values of x]s. The successive reflexions of this ray then proceed at the same angles of incidence and 6), and the total radiation (for f/, <ft)is then evaluated in the same way as for parallel planes. The calculation is then repeated for other values of < j )and the final result obtained numerica tion leads to the value 5*8 x 10_5cal./cm.2 sec. for the radiant energy transfer between the two silver cylinders.
For the actual vessel, a modification has to be, made in the calculation to allow for the cylinders being finite, it is assumed: (1) that all the radiation from the base is lost, and (2) that half the radiation from the ' edge ' is lost; the 4 edge ' being taken as a distance equal to the difference in radii. With this correction the value of the radiation transfer becomes 6*3 x 10_5cal./cm.2 sec.
When the outer wall was glass and the inner was metal, the variation of the absorptivity of glass is neglected because the absorption is so large. For the same reason nothing is gained by carrying out a lengthy calculation on the exact con tributions by successive reflexions. The calculation is carried out for parallel planes and the result is corrected for the 'end-effect' as described above; thus, because of the geometry, no more than 2 % need be added to the heat transfer calculated for the glass to silver surfaces; the same conclusions hold when the inner wall is glass and the outer is metal.
(6) Correction for emissivity change with te and contribution of the cold wall Only a small error in the heat transfer is introduced by neglecting the contribution of the cold wall to the radiation from the hot wall. The value of Amax corresponding to the hot wall is less than that corresponding to the cold wall and the absorptivity of metals will decrease as the wave-length increases. Therefore, if the heat transfer is calculated by neglecting the energy radiated by the cold wall, and again by assuming that the two emissivity factors are equal, then the true heat transfer will be somewhere between these two limits. These limits differ by 1 % and therefore the error introduced by using either approximation will not be serious. Here A and A' refer to the two surfaces neither of which is black, and r has the value corresponding to Amax. But F is really a function of A and therefore this procedure is not strictly justified. The energy emitted, expressed more accurately, is 
Assessment of ex per im en ta l error
The experimental vessel is not perfect in that heat can enter other than by radia tion from the outer jacket to the inner vessel, and it is necessary to assess the quantities of heat which can otherwise enter.
(а) The conduction of heat through the residual gas has already been considered (see table 1) and does not exceed about 04m l./m in.
(б) The heat entering down the narrow neck by radiation from the stopper and reaching the liquid oxygen in the inner vessel can be readily estimated.
Assuming that the stopper and the liquid oxygen are black bodies, the radiant heat transfer (cf. equation (9)) will be given by c r ( T { -T|) 7rr{(z2 + r2)* -z},
where r is the radius of the neck (0-55 cm.), z is the difference in level between the oxygen in the neck jacket and in the neck (about 8 cm.). From this expression it follows that the evaporation loss from this cause should only be 0-3 ml./min.
(c) The fact that the experimental vessel consisted of two finite concentric cylinders necessitated a correction for the entry of radiant heat into the ends. The cylinders terminated in a pair of hemispheres; and no correction is necessary at that end. At the other end, the cylinders terminated at a level where the neck jacket began. When the outer wall was glass about as much energy would be radiated into the vessel by the glass wall opposite the neck jacket as would be radiated out, and so no correction is then necessary. When, however, the outer wall was covered with a deposit of silver up to a certain height, then by virtue of its much smaller emissivity more energy would be radiated into the vessel from the glass above it than would be radiated out by the silvered wall of the vessel, and the net result would be an increase in the evaporation rate. A rather elaborate investigation was needed to determine the magnitude of this 'end-effect'. 
= EorT* --I cos2 ijrdijf coso)db) 2m-0dz (i) Silver/glass.After the first experiment with this type of vessel, care was taken to ensure that there was always about 1-5 cm. of silvering above the level z = 0, i.e. zx> 1*5cm. Glass has a high emissivity so that very little of the radiation in cident on the inner vessel will be reflected and about 98 % will be returned from the silver surface, most of which will be absorbed on its second incidence. The inner vessel can therefore be considered to have an emissivity of unity.
If the energy radiated into the vessel, measured in terms of oxygen evaporated is 31-0 ml./min. for z = 0 as above, because z~ 1-5 (figure 9), only 20% will be absorbed by the inner surface, i.e. 6-2 ml./min. This constitutes about 10% of the total evaporation observed (61 ml./min.) and may therefore be detectable experimentally.
The evaporation rate for a certain vessel was measured and the particular 'endeffect ' calculated 5-8 ml./min. Then using the same surfaces a copper cone was placed around the neck jacket and adjusted so that the bottom of the cone was level with the top of the inner vessel, and the diameter of the base of the cone was about 2 mm. less than that of the outer vessel. This arrangement was designed to eliminate the ' end-effect ' almost completely: This close agreement may be fortuitous because the experimental error is of the same order as the difference observed. Although not accurately measured in every experiment the probable value of z was not so different from that assumed, as to give rise to an error greater than 3 ml./min.
(ii) Silverjsilver. The two surfaces were normally coated by the silvering process to the same height; in some instances, however, the upper part of the deposit on the neck jacket was removed so that z had positive values. The evaporation from both Vol. 194. A. II types of vessels was such that no difference could be detected experimentally between them, which indicates that this 'end-effect' is less than the experimental error.
A rather elaborate analysis was made to estimate the energy absorbed by the inner vessel due to radiation entering from the end, the value 2 x 10-5 cal./cm!2 sec. being obtained which is of the same order as the experimental errors and cannot therefore be detected.
When one of the experimental vessels was immersed in liquid oxygen, being inserted to about the height of the top of the inner vessel, heat can presumably only enter by what has been referred to above as the 'end-effect' and by radiation down the neck itself, which together would account for an evaporation 0-6ml./min., leaving an unaccounted evaporation of 1*2 ml./min. No allowance has been made for this small possible influx of heat in the final assessment of the errors.
(d) There is another source of error to be considered; the liquid oxygen in-the neck jacket boiled freely at atmospheric pressure, while the liquid in the inner vessel was boiling under a slightly increased pressure due to the flowmeter and the saturator vessel. For an evaporation of 25ml./min., the difference of boiling-point was estimated to amount to about 0-12° C and this would cause a slight difference in the transfer of heat via the neck according to the height of the liquid oxygen in the neck. Experiments were made to test the extent of the effect, but the results showed that it was at the limit of the observable and it was only when the pressure was purposely and considerably increased that an effect was measurable.
(e) Summary of experimental errors. The various sources of error which have been discussed may now be summarized (see table 6 ).
M. Blackman, Sir Alfred Egerton and E. V. Truter (b) in stru m e n ta l ± 0 -4 co n d u ctio n b y resid u al gas* ± 0 -4 ra d ia tio n dow n neck* + 0-3 to ta l ± 1-5 * M axim um erro r ra th e r th a n th e m o st p ro b ab le.
Correction amounting to not more than + 10 % has also to be made for the effect of the difference in boiling-point between the oxygen in the neck jacket and the inner vessel. There is also the possible unaccounted error of about l*2ml./min. For metal/glass and metal/metal surfaces there are 'end-corrections' estimated to be about -3 and -2*2 ml./min. respectively. The errors estimated above are of the same order as the experimental error in table 3, which is about 10 %. From this examination, the total absolute error should not exceed 20 % of the measured heat transfer under any circumstances. iro n /g erm an silver (80° K ) silv er/silver (80° K ) silver/silver (21° K ) 9-1 x l O -5 36-6x 10-* 9 1 x 1 0 -* 6 -5 x 1 0 -* 11-8x10-* 1-9x10-* 4 5 -7 x 10-* 33-1 x 10-* 15-6 x 10-* 23-6 x 10-* 13-7 x 10-* 21-9 x 10-*
The divergence between the values for iron/german silver (in which the experi mental value is less than the theoretical) was attributed to the fact that the theoretical calculation was approximate. In the other cases the silver surface was supposed to be contaminated. In the two experiments using liquid air, the neck loss must have been too high because no allowance for the heat absorbed by the issuing gas appears to have been made. Even so, when this theoretical neck loss is subtracted from the experimental loss then the difference which is a measure of the radiation loss is still not in agreement with the theoretical figure.
T able 10 th e o re tic al ex p e rim en tal ra d ia tio n ra d ia tio n ra tio F e/g e rm an silver 36-6 24-0 0-66 A g/A g 6-5 14-5 2-23
Since the emissivities of the metal surfaces in vacuum vessels do not appear to be calculable from the electrical conductivities, values of the emissivities, as estimated in the following way from the heat transfer experiments, are given in column 6 of table 7.
The thermodynamic relation for the energy exchange between two black bodies is
W =
If the bodies are not black, but emit only a fraction E of that energy, then by sum ming the energy exchange the relation
W = < r{T \-T \)
E^E i -E^E z can be used to estimate the emissivities. Since the emissivity of non-metals does not change appreciably with temperature, the value for glass can be obtained from F W -< t( T \-T\) x ---= 765 x 10~5cal./cm.2 sec.
-Jjj
Therefore E = 0-867.
Using this value for glass, the values for E for the metals, in glass/metal pairs were calculated.
As a check on the self-consistency of the results, the two values of the emissivity of silver (at 90 and 293° K) obtained from observations from glass/silver pairs can be combined giving 16-7 x 10~5 in satisfactory agreement with the experimental value 14-9 x 10~5 cal./cm.2 sec. for a silver/silver pair.
The relation between electrical conductivity and emissivity was established experimentally by the work of Hagen & Rubens (1900, 1902, 1903) ; this work was not accurate enough to establish the relation with certainty for the highly reflecting metals. More accurate measurements were published later (Hagen & Rubens 1909 , 1910 . In this later work the energy emitted from a number of metals and alloys was compared directly with that from a black body, at temperatures from 100 to 500° C, and for various wave-lengths 6 to 8, 8-85 and 26/t. The emissivity measured at normal emission agreed moderately well with the calculated value, although there were systematic deviations of about 5 % at 26/*, and more than 20 % at 8-65 and 6-65fi. These deviations were all in the sense that the emissivity measured was less than that calculated, and in general the deviation was greater when the absolute value of the emissivity was small (e.g. silver (200 to 500° C) E caXcJ E oha% = 1-68 but for constantan E c&lc j E oh3 = 1*09).
Hurst (1933) has carried out similar measurements in the short-wave infra-red region (1 to 5/i), and he also found that the observed emissivity is about 20 % lower than that calculated from the Hagen-Rubens relation, for A = 5/*. It was found im possible to polish copper with rouge without introducing impurities into the surface.
The emissivity measured in all the above cases is for normal emission. In vacuum vessels, however, the emission at all angles plays an important part, and little work has been done to check the theoretical reflexion formulae in the infra-red. Czerny (1924) has, however, measured the variation of emissivity for platinum (at 650° C) with angle of emission for the two types of polarized radiation (A = 6-75/*). The measurements were in agreement with the values of the optical constants deduced from the Maxwell theory. Thus there is in all this experimental work a deviation in the opposite direction to that of the heat transfer measurements described in this paper.
Hagen & Rubens used temperatures above 100° C in order that there might be enough energy emitted to be easily measured. At these elevated temperatures films of grease, etc., would be absent and the relative effect of thin films of material, the properties of which differ from those of the bulk of the metal, would be less than at a lower temperature, because of the higher resistivity of the metal itself. Moreover the absorbing effect of thin layers increases with the obliquity of the incident radiation.
The resistivity of a metal is essentially a property of the bulk of the material whereas the absorptivity is a surface property; the properties of these two regions of the metal are not identical. The difference may be partly caused by disturbances in the surface layers of the metal due to polishing leading to an oxide layer or to an amorphous layer, or to both.
(a) Oxide layer. The effects of an oxide layer can to some extent be examined by comparing the results obtained before and after reducing the surface (see Here reduction of the surface makes a great difference but does not bring about complete agreement indicating that the oxide layer can account for only part of the discrepancy. The measurements on metals that do not oxidize so readily, e.g. gold (ratio = 2-3),.indicate this also.
(b) Amorphous layer. The thickness of an amorphous layer increases with time of polishing. A rolled copper foil was found in the present work to be not less reflective for heat than a polished one. It is generally recognized that it is almost impossible to reproduce a polished metal surface giving the same optical constants even by the most careful repetition of conditions of polishing (cf. Wheeler 1913). A polished metal surface possesses chemical and mechanical properties which differ from those of the crystalline unstrained metal, and any kind of cold working tends to increase its electrical resistance. Polishing may therefore produce a surface that has pro perties that are not truly characteristic of the metal itself, quite apart from con tamination of the surface by the abrasive or by possible oxidation or corrosion (cf. Lowery et al. 1932 Lowery et al. , 1935 Lowery et al. , 1936 ). There seems little doubt from the present investigation that the surface films, particularly oxide films, influence the emissive powers of the metallic surfaces and account for part of the discrepancy between theory and experiment. It is also possible that the electrical conductivity of the surface of a pure metal crystal is not the same as that of the bulk of the metal, and that this difference shows up at low temperatures and possibly also at low angles of incidence. Another possible explanation of part of the observed discrepancies may be that when radiant energy is received by a cold surface, the gas still retained in the surface layers of the metal influences the heat transfer without affecting the pressure. Extension of this investigation to other ranges of temperature will help to settle these questions. It is found that the lowest pressure at which a stable flame can be maintained
